Using a human transforming growth factor £ 1 (TGF/9) cDNA probe, we have detected an RNA species migrating at about 1.7 kilobases in cultured primary chicken embryo chondrocytes that is distinct from chicken TGF/31. The cloning and sequencing of cDNAs corresponding to this chondrocyte RNA demonstrate that it represents a new member of the TGF# family, which we have named TGF/3 4. Unlike previously described TGF0 which are 390 to 414 amino acids long, the predicted precursor protein of TGF/9 4 is only 304 amino acids and does not appear to contain a signal peptide. Also unique to this new TGF/3 is an insertion of two amino acids near the Nterminus of the processed peptide which would result in a 114 amino acid mature protein after cleavage from the precursor at a tetrabasic arg-arg-argarg site. The nine cysteine residues characteristic of all TGF/S are conserved. TGF0 4 shows 82%, 64%, and 7 1 % identity with the amino acid sequences of processed TGF/? 1,2, and 3, respectively. (Molecular Endocrinology 2: 1186-1195,1988) -80 -70 -60 -50 -40
INTRODUCTION
Transforming growth factor /3 (TGF/3), discovered and named for its ability to phenotypically transform nonneoplastic fibroblasts in vitro, is a multifunctional regulator of cellular growth and differentiation in many cells (for recent reviews see Refs. 1 -3) . It is now well established that the peptide plays a major role in inflammation and tissue repair (3, 4) and more recently, it has been suggested that TGF/3 also controls differentiation and morphogenesis in embryonic development (3, (5) (6) (7) (8) .
TGFjS is the prototype for a large family of structurally related multifunctional regulatory peptides which are 0888-8809/88/1186-1195$02.00/0 Molecular Endocrinology Copyright © 1988 by The Endocrine Society similar in the cysteine-rich C-terminal regions of the precursor proteins (for reviews see Refs. [1] [2] [3] . Direct functional homologs of TGFjS have been demonstrated only in mammalian species and include two forms of TGF/3 called TGF/31 and TGFjS 2 which are interchangeable in most biological assay systems (9) even though they show only 7 1 % identity with one another. TGF/3 1 and 2 are each highly conserved between mammals: the processed 25,000 mol wt dimer of TGF/31 consisting of 112 amino acids has been studied the most extensively, and is identical in man (10) , pig (11) , cow (12) , and monkey (13) , and different in only one amino acid in mouse (14) , while that of TGF/3 2 is identical in man (15, 16) and monkey (17) , the only two species studied thus far.
Because avian embryogenesis has been so extensively studied, we chose to characterize and clone avian homologs to facilitate more detailed analysis of the developmental roles of TGF/3. Using a human TGF/31 cDNA probe, cDNA clones were isolated from a chicken embryo chondrocyte cDNA library. We have recently reported the molecular cloning of TGF/31 as well as a newly described third form of TGF/3, TGF/33, from this cDNA library. Mature chicken TGF/3 1 is identical to human TGF/31 (18) , while the predicted processed 112 amino acid TGF/3 3 peptide shows 76% and 79% identity with mammalian TGF/3 1 and 2, respectively (19) . A human homolog of TGF/3 3 differing in only one amino acid has also been very recently described (20) . The high degree of evolutionary conservation of these three proteins suggests that they play essential roles in control of cellular physiology.
We report here the complete amino acid sequence deduced from the cDNA of a new TGF/3 mRNA, which we have named TGF/3 4. Although it is most closely related to TGF/3 1, the mRNA encodes a unique 114 amino acid mature TGF/3 peptide. Our data also shows that it is expressed in both cultured chicken embryo chondrocytes and fibroblasts.
RESULTS AND DISCUSSION

Northern Analysis of Chicken Embryo Chondrocyte RNA
Since recent immunohistochemical analysis of TGF/3 expression in the developing mouse embryo suggests that chondrocytes synthesize substantial amounts of TGF/3 1 (5; Flanders, K. C , unpublished results), RNA was isolated from primary cultures of chondrocytes derived from sterna of 16-day-old chicken embryos (hereafter referred to as chondrocytes) and screened for the expression of TGF/3 RNA on a RNA Northern blot. For this purpose, a 32 P-labeled human TGF/3 1 cDNA probe, consisting of a 218 nucleotide singlestranded sequence complementary to the 3'-carboxyl region of the human TGF/3 cDNA coding region was used (12, 21) ; this region of TGF/3 1 has been shown to be highly conserved in mammalian species (10) (11) (12) (13) (14) .
As a positive control, the probe hybridized to a 2.5 kilobase (kb) TGF/3 1 mRNA from human HT1080 fibrosarcoma cells (Fig. 1A , lanes 1 and 2) (10) . In addition to the 3 kb RNA which was earlier determined to be TGF/ 3 3 (19) , the human TGF/31 probe also hybridized to a second RNA species of 1.7 kb in RNA prepared from cultured primary chicken embryo chondrocytes (Fig. 1A, lane 3) . Like TGF/3 3 RNA, this smaller RNA bound to oligo d(T)-cellulose (22) (Fig. 1A, lane 4) . Chondrocyte poly(A) + RNA was used to construct a cDNA library, and cDNA clones corresponding to the 1.7 kb TGFjS mRNA were isolated from this library using the single-stranded human TGF/3 probe ( Fig. 1B) . Hybridization of these nick-translated clones to chondrocyte poly (A) + RNA revealed a weakly hybridizing 2.5 kb RNA species in addition to the 1.7 kb RNA (Fig. 1B (15 ng) and poly(A) + RNA (5 ^g) isolated from exponentially growing sub-confluent HT1080 cells or cultured primary chondrocytes extracted from 16-day-old chicken embryo sterna and poly (A) selected using oligo d(T)-cellulose, was electrophoresed on a 1 % agarose-formaldehyde gel, and transferred to a Nytran filter as described in Materials and Methods. Hybridization was performed with a 32 P-labeled probe specific for the processed coding region of human TGF/3 1 (12, 21) . The sources used are labeled above each lane of RNA. The position of human TGF/3 1 mRNA is shown as 2.5 kb and the positions of chicken TGF/3 3 and 4 are shown as 3 and 1.7 kb, respectively. B, Total RNA (15 ixg) and poly(A) + RNA (5 ^g) isolated from chondrocytes, electrophoresed, and transferred as in A, was hybridized to nick-translated 32 P-labeled plasmid pTGFB-ChX63 (chicken TGF0 4). 
Isolation and Characterization of Chondrocyte TGF/3 4 cDNA Clones
Chondrocyte poly(A) + RNA obtained from one cycle of oligo d(T)-cellulose chromatography (22) was used to make cDNA and double-stranded cDNA according to the method of Gubler and Hoffman (23). As previously described (19) , 26 positive cDNA clones were isolated from a sub-library containing 25,000 independent recombinants using the human single-stranded 218 nucleotide probe (12, 21) . Five of the cDNA clones contained inserts of about 1400 base pairs (bp); restriction enzyme mapping of these clones indicated that they were different from the 2200 bp cDNA clones that previously had been identified as TGF/3 3 (19) . Southern blot hybridization analysis of chicken genomic DNA using nick-translated probes for human TGF/3 1 and chicken TGFjS 3 and 4 resulted in complex hybridization patterns that were different for each of the three probes used, demonstrating that these three DNAs are indeed different and distinct (see Fig. 2 ). To sequence the 1400 bp cDNA clones, cDNA inserts from two representative clones were subcloned into phagemid Bluescript SK and KS and sequenced using the dideoxy chain termination method of Sanger ef a/. (24) . The sequencing strategy and the restriction enzymes used in sequencing are shown in Fig. 3 .
The cDNA sequence of chondrocyte TGF-beta 4 mRNA and the derived amino acid sequence is presented in Fig. 4 . The sequence was determined on both DNA strands of each of the two clones, pTGFB-ChX50 and pTGFB-ChX63, to ensure accuracy. Both clones contain a 5'-untranslated region consisting of 219 nucleotides, a 912 nucleotide-long coding region extending from nucleotide 239 to 1151, and a 3'-untranslated region consisting of 135 nucleotides. The clones contain a full 3'-untranslated region as judged by the presence of a poly (A) homopolymer consisting of about 100 adenosine residues at their 3'-ends. Primer extension experiments are currently in progress to determine whether there is a longer 5'-untranslated region.
The deduced amino acid sequence shown in Fig. 4 represents the longest open reading frame that can be obtained from the possible 912 nucleotide coding region. The translational initiation site was tentatively assigned to the methionine ATG codon at nucleotide position 239 because it is the first methionine codon in the sequence, and the first ATG triplet, which by virtue of its position, is usually the preferred initiation codon (25) . Translation initiation could also start at the methionine codon at nucleotide position 249, but the methionine codon at nucleotide position 239 has flanking nucleotides that conform more to the general eukaryotic initiation codon consensus sequence C-C-G/A-C-C-A-T-G-G (26) than the methionine codon at position 249 does. This assignment is further strengthened by the existence of two in-frame termination codons at nucleotide positions 119 and 206. If the first ATG codon is used for translation initiation, the cDNA codes for a predicted precursor protein of 304 amino acids with a mol wt of 34,040. An examination of the N-terminal sequence of the putative TGF/3 4 protein reveals that unlike TGF/31,2, and 3, it does not contain an obvious signal peptide, suggesting that TGF/3 4 may not be a secreted protein (27) . A hydropathy plot of TGF/3 4 resembles that of the other TGF/3 with the exception of the absence of a hydrophobic region at the beginning of the sequence. An arg-arg-arg-arg tetrabasic cleavage site is found at positions 187-190 of chicken TGF/3 4. By analogy to TGF/3 1 and 2, proteolytic cleavage at this site in the precursor would result in a processed peptide of 114 amino acids. In this respect, chicken TGF/3 4 resembles TGF/31 rather than TGFjS 2 and 3, in that it has an argarg rather than a lys-arg cleavage site; however, if the processing enzyme recognizes a tetrabasic site, as has recently been suggested for processing of the insulin receptor (28) , then cleavage of TGF/3 4 would require an enzyme distinct from those used to cleave the other TGFjS. Chicken TGFjS 4 is also unique in that the processed peptide contains 114 amino acids while those of TGF/31, 2, and 3 are composed of 112 amino acids. The two additional amino acids in chicken TGF/3 4 include an extra glycine residue and aspartic acid residue at positions 199 and 203, respectively. TGF0 4 is also different from the other three TGF/3 in that the Nterminal amino acid of the proposed processed peptide is an aspartic acid residue instead of an alanine residue, and the fifth amino acid from the C-terminus of TGF/3 4 is an alanine residue instead of a serine residue. The Cys-Lys-Cys-Ser C-terminus is conserved in all four TGF/3.
As with TGF/3 1, 2, and 3, the sequence of the proposed processed coding region of chicken TGF0 4 contains nine cysteine residues; however, due to the two amino acid insertions in TGF/3 4, only eight of the nine cysteines are in the same relative positions, as in the other TGF/3 (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . The first cysteine residue in processed TGF/3 4 (amino acid position 197) is six amino acids away from the tetrabasic cleavage site just as it is in TGF/31, 2, and 3, but nine amino acids away from the second cysteine residue in TGF/3 4, in contrast to seven amino acids in TGF/31, 2, and 3. It is possible that the initial cysteine residue in TGF/3 may not be functionally significant; indeed, the cysteine corresponding to position 197 of TGF/3 4 is not conserved in any of the more distantly related members of the TGF/3 family with the exception of the /3-chains of inhibin (29, 30) .
In contrast to the three or four N-linked glycosylation sites of the other three TGF/3 precursors, only one such site (Asn-X-Ser) is found in the TGF/3 4 precursor. The potential fibronectin cellular recognition site (Arg-Gly-Asp) (31) at positions 154 -156 in the chicken TGF/3 4 precursor is also found in the TGFjS 1 and TGF/3 3 precursors; however, human TGF/3 2 has no such site.
Comparison of Chicken TGF/3 4 with Human TGF0 1 and 2 and Chicken TGF/3 3
A comparison of the amino acid sequence of the chicken TGF/3 4 precursor with the TGF/3 1, 2, and 3 protein precursors is shown in Fig. 5 . Numerous gaps have to be inserted in order to align the three se- Nucleotide and deduced amino acid sequence of the chicken embryo chondrocyte TGF/3 4 cDNA with nucleotides numbered at the beginning of each line designating nucleotide no. 1 as the first C in the C tail. The amino acid residues are numbered above the amino acid sequence in multiples of 25, starting with methionine no. 1 as the first in-frame amino acid. A potential N-linked glycosylation site is over-lined with a thin solid line. A potential fibronectin cellular recognition site (Arg-Gly-Asp) is designated by a thick solid overiine. The 114 amino acid residues of mature TGF/3 (boxed) are preceded by a proteolytic processing site, highlighted in bold letters. Cysteine residues are outlined in bold letters. The additional glycine and aspartic acid residues are boxed in. Brackets in the 5'-untranslated region indicate a region of identity with human TGF0 1. Brackets in the precursor region indicate a region of similarity between TGF/3 1, 2, 3, and 4, and an X above an amino acid residue in this region indicates an amino acid difference from TGF0 1, 2, and 3.
quences. Most of these gaps are located in the precursor portion of the sequence; there is nearly complete alignment of all four processed coding sequences beginning at amino acid 191 (denoted by the heavy arrow) except for the two additional amino acids near the Nterminus of processed TGF/3 4. Overall, 175, 137, and 151 amino acids of the TGF/3 4 precursor match those of the human TGF/3 1 and 2 and chicken TGF/3 3, respectively. The four TGF/3 are very similar in a region extending from amino acids 102 -116 in the precursor sequences (see also Fig. 4 ). In this region, there is 69%, 78%, and 82% identity of chicken TGF/3 4 with TGF/3 1, 2, and 3, respectively, at the nucleotide level, and at the amino acid level, only 3, 2, and 3 amino acid differences are found, respectively; these differences occur in the same four amino acids which are denoted by X in Fig. 4 . There is also a second region of 46 nucleotides extending from nucleotide 152-198 in the 5'-untranslated region of TGF/3 4 that has 83% identity with 46 nucleotides extending from nucleotides 1049-1095 in the precursor sequence of TGF/31. These two regions of identity may have some possible functional significance.
Some possible functional significance may also be given to the three cysteine residues at positions 11, 131, and 133 (highlighted by asterisks in Fig. 5 ) in the TGFjS 4 precursor. These cysteine residues are similarly located in TGF/31,2, and 3 and their conservation may suggest overall importance in the structure of TGF0 or possibly in a latent form of the peptide in which the cleaved precursor remainder associates noncovalently with the processed peptide (32, 33) assuming that a latent form of this peptide exists.
Just as in the other TGF/3, the processed coding portion of the TGFjS 4 sequence is more highly conserved than the precursor region. Overall, there is 81% identity of processed chicken TGF/3 4 with human TGF/? 1 and also chicken TGF/3 1 since mature human and chicken TGFjS 1 are identical, 64% identity with human TGF/3 2, and 71% identity with chicken TGF/3 3. There are long stretches of similarity interrupted by differences of only one to three amino acids. At the nucleotide level, the processed coding region of chicken TGF/3 4 shows 80%, 61%, and 73% identity with the processed coding regions of human TGF/3 1 and 2 and chicken TGF/3 3, respectively. The conservation in all four TGF/3 of the amino acid sequences in distinct regions of the peptides is particularly striking (see for Vol2No. 12 example amino acids 204-231); most often the regions of substitutions are identical in all four TGF/3, although the substitutions are often unique. Often the amino acid residues of TGF0 4 are identical to those of either TGF/3 1, 2, or 3 at positions that are substituted between the TGF/3; however, there are eight residues that are unique to TGF/3 4 at a substituted position. In addition, there are four residues that are unique to TGF/3 4 at positions conserved between TGF/31, 2, and 3.
Expression of Chicken TGF/8 4 mRNA in Chondrocytes
Expression of the 2.5 kb TGF0 1 mRNA has been observed in a wide variety of normal and transformed cells in culture (for reviews see Refs. [34] [35] [36] . The fact that many cultured cells constitutively express TGF/3 may be related to its stimulatory action on synthesis of matrix proteins which facilitate adaptation to growth on plastic (37) (38) (39) . Using RNA Northern blot analysis, we compared the expression of TGF/3 4 RNA by uncultured chicken embryo chondrocytes with that of chondrocytes cultured for 1, 2, or 3 days (Fig. 6A) . Probing with nick-translated TGF/3 4 cDNA, 1.7 and 2.5 kb RNA bands were detected in RNA prepared from the cultured chondrocytes (Fig. 6A, lanes 2-4) but not in RNA from uncultured cells (Fig. 6A, lane 1) . The 1.7 kb TGF/3 4 RNA and the 2.5 kb RNA were also expressed in cultured primary chicken embryo fibroblasts and Rous sarcoma virus (RSV)-transformed chicken embryo fibroblasts, but 10-and 15-fold less, respectively, than in cultured chondrocytes (Fig. 6B, lanes 1-3) . In contrast to TGF/3 3, there was no detectable expression of TGF/3 4 or the 2.5 kb RNA in RNA prepared from whole 16day-old embryos (Fig. 6B, lane 4) (19) . The 1.7 kb chicken TGF/3 4 mRNA is distinct from chicken TGF/31 mRNA which has also been recently cloned by us from the same chicken embryo chondrocyte cDNA library (18) . Chicken TGF/3 1 (18) cDNA does not hybridize detectably to any chicken TGF/3 mRNA species in chicken embryo chondrocytes, chicken embryo fibroblasts, or 16-day-old chicken embryos on an RNA Northern blot suggesting that TGF/31 mRNA is a very minor mRNA species compared to TGF/3 3 and 4 mRNAs in chicken. The 2.5 kb RNA species may possibly be another chicken TGF/3 RNA or related RNA that has some similarity to TGF/3 4. However, the 2.5 kb RNA is probably not identical to TGF/3 4 since it A.
B. . Northern Blot Analysis of Chicken RNA A, Total RNA was isolated from chicken embryo chondrocytes cultured for 0, 1,2, or 3 days, electrophoresed using 15 nQ of RNA and transferred as described in Fig. 1 and in Materials and Methods. Hybridization was performed with nick-translated 32 Plabeled plasmid pTGFB-ChX63. The blot was exposed to film for 1 day. B). Total RNA was isolated from 3-day-old cultured primary chicken embryo chondrocytes, from exponentially growing sub-confluent primary chicken embryo fibroblasts (CEF), from Rous sarcoma virus-transformed chicken embryo fibroblasts (RSV-CEF) and from 16-day-old whole chicken embryo, electrophoresed using 15 ng of RNA and transferred as described in Fig. 1 and Materials and Methods. Hybridization was performed with nicktranslated 32 P-labeled plasmid pTGFB-ChX63. The blot was exposed to film for 3 days.
does not hybridize to the 218 nucleotide singlestranded human TGF/31 probe whereas TGF/3 4 does hybridize to this human probe (see Fig. 1A ). This 2.5 kb RNA is being investigated further.
The TGF0 Family and Chicken TGF0 4
In the past few years, it has become apparent that the TGF/3 belong to a new family of polypeptides that regulate cell growth and differentiation. Besides TGF/3, these proteins include activins (40, 41) and inhibins (29, 30) which regulate the secretion of FSH, Mullerian inhibiting substance (42) which is responsible for the regression of the female reproductive system during the development of the male embryo, the putative decapentaplegic gene complex protein in Drosophila (43) which is associated with dorsal-ventral determination during embryogenesis, and the putative Vg1 protein in Xenopus (44, 45) which is involved in mesoderm formation before gastrulation. All of these peptides are structurally related to TGF/3, sharing approximately 28-38% similarity and including, in all cases, conservation of seven of the nine cysteine residues of the TGF/3; yet they are functionally distinct.
TGF/3 4 is more closely related to the TGF/3 than to the other members of the family. The TGF/3 4 precursor has regions of similarity with the other TGF/3 precursors while none of the other members of the family have any similarity to the TGF/3 precursors. The TGF/3 have 65-80% identity with one another, whereas the other family members share no more than 40% identity with the TGF/3. The processed TGF/3 all contain nine cysteine residues, whereas the /3-chain of inhibin is the only other family member that contains this conserved number of cysteines (29, 30) . The TGF/3 all contain the identical Cys-Lys-Cys-Ser C-terminus that is not common to other members of the family. Based on these comparisons and details discussed previously, it is clear that, although functional similarity cannot yet be demonstrated, this newest member of the family, TGF/3 4, is indeed a TGF/3. It is unique among the TGF/3 in that it does not appear to contain a signal peptide, that its processed coding sequence contains two additional amino acids near the N-terminus, that its precursor is significantly smaller than those of the other TGF/3 (190 amino acids in TGF/3 4 compared to 278 to 300 for the other TGF/3), that it contains only one N-linked glycosylation site as contrasted to three to four sites, and that the relative position of the first cysteine is shifted in comparison to the first cysteine in TGF/31, 2, and 3. Chicken TGFjS 4 is more closely related to TGF/31 than to TGF/3 2 or 3. However, TGF/3 4 is not the chicken equivalent of human TGF/31 because we have recently cloned and sequenced chicken TGF0 1 and have found mature chicken TGF/3 1 to show 100% identity with human TGF/31 (18) and 85% identity with chicken TGF/3 4.
While direct experimental evidence is still lacking, the absence of a typical signal peptide sequence (27, 46, 47) might suggest that TGF/3 4 may not be a secreted peptide. However, there is no clear directive on this issue in the growth factor literature. For example, fibroblast growth factor lacks a signal peptide but yet is externalized associated with extracellular matrix (48) , whereas the product of the v-s/s/platelet-derived growth factor-2 oncogene has a signal peptide and yet remains mostly cell associated (49, 50) . Experiments are currently in progress to resolve whether or not TGF/3 4 is secreted. Preliminary experiments using chicken chondrocytes labeled with 35 S-Cys and immunoprecipitation of acid-ethanol extracted cell lysate and conditioned media show immunoprecipitation of a 25,000 mol wt species in both the cell lysate and conditioned media using antibodies generated against human TGF/3 1 (data not shown). While there is no direct evidence that the immunoprecipitated protein in the chondrocyte lysate is TGF/3 4, its presence in the cell lysate suggests the existence of an unsecreted TGF/3 in chondrocytes. The inability to detect any TGF/3 1 mRNA in chicken embryo chondrocytes and the presence of a signal peptide in chicken TGF/31 suggest that the immunoprecipitated protein in chondrocyte lysate is not chicken TGF/31. It is hoped that immunoprecipitation experiments using antibodies generated against a synthetic peptide specific for TGFjS 4 will help to clarify whether the immunoprecipitated protein in the chondrocyte lysate is TGF/3 4.
The size of the TGF/3 peptide family is intriguing. It may be that each of these TGF/3 has specialized functions or possibly that each peptide is expressed at different times in development or in a tissue-specific manner. The latter would imply that each TGF/3 gene has different mechanisms controlling expression. Alternatively, TGF /3 may be so important for the physiology of the organism that many TGF/3 may have evolved to ensure efficient functioning. Other questions that remain to be answered are whether TGF/3 4 exists in a latent form as do TGF/3 1 and 2 (32, 33) and whether there is a human counterpart to chicken TGF/3 4 that also lacks a signal peptide. Current efforts are focused on learning more about the properties of TGF/3 4 and its relationship to the other members of the TGF/3 family.
MATERIALS AND METHODS
General Methods
All methods were as described by Maniatis et al. (51) unless otherwise stated.
Construction and Screening of a cDNA Library from Primary Chicken Embryo Chondrocytes
Primary chicken embryo chondrocytes were prepared, RNA was extracted, and a cDNA library was constructed and screened using a 218 nucleotide single-stranded probe complementary to the mature protein-coding region of human TGF/3 1 cDNA (12, 21) as previously described (19) . Vol2No. 12
RNA Northern Analysis
Total RNA was extracted from chicken embryo chondrocytes, chicken embryo fibroblasts, and 16-day-old chicken embryos, separated for Northern RNA blot analysis on 1% agarose gels, transferred and hybridized as previously described (19) .
DNA Southern Analysis
Chicken genomic DNA was digested with the appropriate restriction enzymes according to the manufacturer (New England Biolabs, Boston, MA) and separated for Southern blot analysis on 0.8% agarose gels according to Maniatis et al. 
